We report that the continuous assembly of polymers (CAP) approach, mediated by ringopening metathesis polymerization (ROMP), is a facile and versatile technology to prepare engineered nanocoatings for various potential biomedical applications. Low-fouling coatings on biomaterials were obtained by the formation of multicompositional, layered films via simple and efficient tandem CAPROMP processes that are analogous to chain extension reactions. In addition, the CAPROMP approach allows for the efficient post-functionalization of the CAP films with bioactive moieties via cross-metathesis reactions between the surface-immobilized catalysts and symmetrical alkene derivatives. The combined features of the CAPROMP approach (i.e., versatilie polymer selection and facile functionalization) allow for the fabrication and surface modification of various types of polymer films, including those with intrinsic proteinrepellent properties and selective protein recognition capabilities. This study highlights the various types of advanced coatings and materials that the CAP approach can be used to generate, which may be useful for various biomedical applications.
INTRODUCTION
Over the past few decades, research in biomedical science has focused on developing functional material interfaces that are biocompatible and that can be engineered for specific biointeractions. [1] [2] [3] [4] For example, polymeric thin films have been widely used as coatings for biomaterials and biomedical devices as the film composition, functionality, structure (i.e., thickness and density) and mechanical properties can be tailored depending on the selection of polymers and film fabrication stratergy. 1, [5] [6] [7] [8] The development of bioactive surfaces aimed at promoting specific interactions while minimizing non-specific interactions (i.e., low-fouling) are central to many biomedical applications, including drug delivery, 9,10 implantable devices, [11] [12] [13] tissue engineering, 14, 15 biosensors, 16 diagnostics, 17 and protein purification. 18 Of particular importance is the interaction and adsorption of proteins on surfaces when in contact with biological environments, which ultimately governs the biofunctionality of the material and influences cellular interaction, structure and function. 19, 20 As a result, significant effort has been devoted to developing surface coating and modification approaches towards low-fouling bioactive surfaces. 7, 8, [21] [22] [23] For example, both the grafting-to and -from approaches have been extensively used to prepare low fouling surfaces from hydrophilic and zwitterionic materials, with the low-fouling ability of the surfaces being closely correlated with their hydration layer near the surface. 24, 25 The strength of this surface hydration is preliminary related to the physiochemical properties of the polymers and their surface packing, including film thickness, packing density and chain conformation. 25 In addition, these grafted surfaces have been further modified with bioactive moieties, to generate anti-fouling coatings that can interact specifically with targeted proteins. 7, 8 However, the application of grafted films to prepare robust, free standing bioactive films has been limited. In contrast, layer-by-layer (LbL) assembly [21] [22] [23] is highly applicable for the generation of stable, free standing bioactive films, including polymeric capsules, which can be generated from or post-functionalised with low-fouling polymers, and subsequently modified with biofunctional moieties for specific protein interactions. 26, 27 The LbL approach relies on the alternating deposition of polymers with complementary functionalities, thus requiring multiple assembly steps. 28, 29 Recently, we introduced a facile and versatile bottom-up strategy for the surfaceconfined, one-step assembly of cross-linked nanoscale films, termed continuous assembly of polymers (CAP), which utilizes the controlled chain growth polymerization of (bio)macromolecules functionalized with pendent polymerizable moieties (referred to as macrocross-linkers). [30] [31] [32] [33] [34] The CAP approach allows for the fabrication of nanoscale films with tailored thickness and composition through variation of the polymerisation time and selection of macrocross-linker(s), respectively. The CAP approach is applicable to both planar and colloidal substrates, thus representing a promising assembly method for the fabrication of tailored nanocoatings on various complex substrates. [30] [31] [32] Furthermore, CAP-derived films can be reinitiated for continued film growth using the unreacted polymerizable groups of the macrocross-linkers that are embedded in the film, providing access to multilayered films through so-called reinitiation reactions with the same or different macrocross-linkers. 34 These layer thickness extensions or reinitiation reactions do not depend exclusively on the end-group fidelity of polymer brushes/grafts that are inherent and difficult to preserve in the grafting-from approach. Given that these reactions can occur conveniently via the residual polymerizable moieties of the macrocross-linker in the film, the CAP approach thus overcomes the difficulty of the grafting-from approach to prepare higher order multilayer films. In addition, specifically for ring opening metathesis polymerization (ROMP)-mediated CAP, the films can be further post-functionalized via simple and efficient cross-metathesis reactions between the residual polymerizable groups (as well as the end-groups) in the film and symmetrical (bio)functionalised alkenes. As such, biofunctional films, whereby both the outer film 4 composition and peripheral functionalities play an active role in biological interactions, can be prepared with relative ease.
In this study, the versatility of the CAPROMP approach is demonstrated through the synthesis of nanoengineered films on porous and non-porous colloidal substrates, which have low-fouling properties as well as the capability to selectively recognize proteins. These results are anticipated to allow the fabrication of CAP films with tailored biological interactions for applications in biomedical engineering, biosensors and polymer therapeutics.
Experimental

Materials.
Allyl bromide (99%), 4,4′-azobis(4-cyanopentanoic acid) (≥ 75%), biotin (99%), N-boc- from each reaction mixture were diluted with an appropriate amount of THF and passed through a 0.45 µm filter and injected into the GPC for analysis. Astra software (Wyatt Technology Corp.) was used to determine the molecular weight characteristics using known dn/dc values. 
Procedures
Synthesis of poly(acrylic acid) (PAA):
Acrylic acid (19.8 mmol, 1.5 g) was dissolved in EtOH (10 mL) and 4,4′-azobis(4-cyanopentanoic acid) (0.4 mmol, 111 mg) was added. Nitrogen was bubbled through the reaction mixture for 30 min before the mixture was heated at 60 °C for 2 h under nitrogen. The reaction was subsequently cooled in an ice bath and precipitated dropwise into DEE (100 mL). The precipitate was collected via centrifugation, redissolved in EtOH (5 mL) and the precipitation process was repeated twice before drying the product in vacuo to afford PAA as a crystalline solid, 0.51 g (36 % 
Synthesis of (Z)-bis-1,4-(4-(2-biotin ethyl)phenyloxy)but-2-ene (M1):
M1 was synthesised in 3 steps using a similar procedure to that previously reported. The solvent was removed in vacuo (0.05 mbar, 70 °C) and the residue was dissolved in DCM (120 mL), then washed with water (2 x 100 mL) followed by saturated NaCl (100 mL). 
Synthesis of hyperbranched poly(N-allyl ethylene imine) (allyl-PEI):
This compound was prepared according to a previously published procedure. 
Post-functionalization of CAPROMP films via cross-metathesis:
CAP-coated particles (0.5 wt% solution in Milli-Q water) were subjected into gradient washing with Milli-Q water (1 mL), followed by degassed THF (3 x 1 mL) and degassed DCM (2 x 1 mL), prior to functionalization with catalyst C2 (the functionalisation step was identical to the CAPROMP reaction). Then, the particles were exposed to a symmetrical alkene molecule M1 solution (5 mM in degassed toluene/methanol mixture (75/25)) for 18 h. The particles were then isolated by centrifugation, washed with methanol (5 x 1 mL), followed by DMSO (2 x 1 mL) and Milli-Q water (3 x 1 mL) prior to avidin incubation.
RESULTS AND DISCUSSIONS
The first part of this study demonstrates how protein-repellent properties can be imparted on fouling surfaces by the introduction of low-fouling layers using CAP reinitiation reactions. In the second part, the ability of CAP-derived films to undergo further chemical functionalization via cross-metathesis reactions that allow for specific bioconjugation reactions is demonstrated.
The combination of both parts demonstrates how the CAP approach can be used to prepare nanoengineered coatings with both low-fouling and selective protein recognition capabilities.
For the CAPROMP process, the surface of the substrate is firstly functionalized with initiators, followed by exposure to a solution of macrocross-linker, which results in one-step assembly of the nanoscale cross-linked films mediated via controlled polymerization across the pendent norbornene groups of the macrocross-linker. 30, 33, 34 In this study, the substrates were initially functionalized with an allyl-modified poly(ethylene imine), followed by cross-metathesis with the bispyridine modified 2 nd generation Grubbs catalyst C1 (1 mM in dichloromethane) to form towards BSA regardless of the pH conditions. 38, 39 The initial zeta-potential measurement of the particles after deposition of the allyl-PEI initiator prelayer was 33 mV, which decreased to -3 mV after the CAPROMP reaction with PAA macrocross-linker P1, before increasing again to +3 mV after subsequent CAP reinitiation and film growth with the PHEA macrocross-linker P2 (Figure 1a) . Fluorescence microscopy images and the fluorescence intensity (as determined by flow cytometry) of the particles incubated with BSA indicate that the most significant 14 protein adsorption was observed on the allyl-PEI coated particles (ca. 200 a.u., normalized), followed by the PAA P1 films (ca. 100 a.u., normalized) (Figure 1b and 1c) . In contrast, BSA adsorption on the PHEA P2 film was negligible (ca. 2 a.u., normalized). These results are expected as allyl-PEI is strongly positively charged and therefore attracts the negatively charged BSA through electrostatic interactions. Furthermore, the zeta-potential value of -3 mV for the P1 film confirmed that the PAA is predominantly protonated and attracts the BSA via hydrogen bonding, resulting in fouling of the surface. In comparison, the addition of the PHEAbased P2 film to the P1-coated particles changes the zeta-potential to neutral and imparts lowfouling properties to the particles. These results illustrate the versatility of the CAPROMP approach to continuously refunctionalize surface-confined films effectively -regardless of the substrate morphology -with different functional polymers to afford specifically tailored properties. revealed a large increase in green fluorescence for both nonporous and mesoporous silica particles after avidin attachment to the biotin-functionalized surface compared to the unmodified films. To discount any possibility that the avidin conjugation is merely due to nonspecific interactions, a control experiment was performed whereby particles only coated with P2 films (i.e., in the absence of the biotin immobilization step) were subjected to the avidin incubation procedure, which revealed that there was negligible intensity from fluorescein tagged avidin. In addition, the fluorescence intensity of the control sample was very similar in intensity to the P2 films alone. These results clearly demonstrate that the avidin adsorption to the substrate surface is purely due to the selective binding abilities of the biotin-conjugated 17 films. This experiment emphasises the versatility of CAPROMP films to undergo further conjugation through grafting-to reactions 43, 44 via facile cross-metathesis reaction of surface bound Ru alkylidene groups with symmetrical alkene derivatives. 
CONCLUSION
In this study, the versatility of the CAPROMP approach to construct functional, engineered nanocoatings on various particle substrates for potential biomedical applications was 20 demonstrated. The formation of multicomponent films was performed on mesoporous colloidal substrates using two macromolecules with entirely different fouling properties. CAPROMP of the low-fouling PHEA macrocross-linker P2 was used to generate an outermost layer on a previously prepared PAA P1 film to impart low-fouling properties, which was validated via protein binding studies with BSA. In demonstrating another unique feature of the CAPROMP approach, functional films were prepared via efficient conjugation of bioactive molecules using cross metathesis between the surface bound Ru-alkylidene groups distributed throughout the film with symmetrical alkene derivatives containing biotin (M1). When applied to the lowfouling coating system, fluorescence measurements confirmed the selective binding of avidin to the biotin-modified films. From a synthetic perspective, the CAP methodology offers an efficient alternative to thin film formation strategies and as shown by these studies, the CAP approach serves as a promising platform technology for a wide range of applications, including coatings for implantable devices, tissue engineering constructs, and drug delivery vectors.
